of individual fibers and enhances the encoding of timing The ability of human beings to resolve differences of 2Њ in the firing of bushy cells with respect to auditory nerve in the location of sound sources in the horizontal plane fibers. In nonmammalian vertebrates, auditory nerve fidepends on their ability to detect differences of 11 s bers innervate homologous neurons with similar calyin the time of arrival of sound at the two ears. The ability ceal endings. In birds, the adendritic homologs of spherto resolve differences in frequency of 1 Hz in tones in ical bushy cells are clustered in nucleus magnocellularis the range of 1,000 Hz requires that differences of 1 s and resemble mammalian bushy cells in many details. in the periodicity of sound waves be detected. Recent Intracellular recordings from bushy cells in slices from experiments show that vertebrates can resolve such mice and chicks show that synaptic responses are brief small temporal increments because neurons in auditory and arise from a few converging inputs. As shocks to pathways are specialized to preserve and convey timing.
the auditory nerve are gradually increased in strength, In mammals, auditory information is conveyed along synaptic responses grow in a few jumps, reflecting the three parallel pathways through neurons in the brain recruitment of a small number of converging inputs from stem whose biophysical properties permit the encoding the auditory nerve. Synaptic responses last between 2 of timing with a precision in the tens of microseconds and 4 ms at physiological temperatures, as illustrated ( Figure 1 ). The neurons in these pathways share a combiin Figure 3A . A consequence of the short duration is nation of synaptic and biophysical specializations that that temporal summation can occur only over short enable them to signal robustly and with little temporal times and the temporal firing patterns of auditory nerve jitter. Specializations at consecutive stages in these inputs are preserved (reviewed by Oertel, 1991). Suprapathways allow timing information to ascend through threshold responses are similarly brief, as shown in the the brain stem to neurons that project to the inferior responses to trains of shocks in Figure 3B . Excitatory colliculi. These specializations are shared not only postsynaptic potentials (EPSPs) in bushy cells are brief among nuclei within mammals but also among homoloand show remarkably little depression when auditory gous neurons in different vertebrate classes.
nerve fibers are stimulated repeatedly at rates below Hair cells capture timing information and convey it to 300 Hz, the maximum rate of firing of auditory nerve spiral ganglion cells, neurons whose axons form the fibers in vivo. EPSPs with these characteristics provide auditory nerve. The array of auditory nerve fibers termibushy cells with robust, well-timed synaptic drive at nates topographically in the ventral cochlear nucleus physiological firing rates. (VCN). Those fibers that encode low frequencies (Figure Synaptic currents in mammalian bushy cells and their 2, dark brown) terminate ventrally while those that ennonmammalian homologs can be measured accurately code high frequencies (Figure 2 , light brown) terminate because they arise at the cell body. Their measurement dorsally, imposing upon the VCN a tonotopic organizahas provided insight not only into the role of these spetion. In mammals, timing information is conveyed by cial synapses in hearing but also into synaptic transmisauditory nerve fibers to several groups of cells in the sion in the central nervous system generally. Shocks to VCN, including the bushy and octopus cells (Figure 2 and to the temporal acuity of bushy cells.
The signaling of a bushy cell ultimately depends on question of to what extent the clearance of neurotransthe activation of voltage-sensitive Na ϩ channels that mitter affects ongoing signaling. A tail of current through initiate the propagation of action potentials along the AMPA receptors reveals the lingering of neurotransmitaxon by the electrotonic spread of EPSPs to the axon ter under the large presynaptic surface after a shock hillock. The low-threshold K ϩ conductance makes (Otis et al., 1996) . In mammals, tails of current are less bushy cells more sensitive to rapidly rising than to slowly prominent and synaptic depression is weaker than in rising excitation. EPSPs often elicit action potentials on chicks, perhaps because clearance of neurotransmitter the rising phase of the EPSP without obvious inflections, is more efficient in the more fenestrated calyceal audiindicating that the peaks of suprathreshold EPSPs rise tory nerve terminals of mammals.
well above the threshold of action potentials. A conseBushy cells in mammals and birds have low input quence of signaling on the rising phase of large EPSPs is resistances in the physiological voltage range. One conthat synaptic transmission contributes minimal temporal tributor to the low input resistance was found by Manis jitter to signaling. The action potentials recorded at the and Marx to be a 4-aminopyridine-(4AP-) sensitive K ϩ cell bodies of bushy cells are not always overshooting, conductance that is strongly and quickly activated by suggesting that they are attenuated as they spread retdepolarization from the resting potential. This conducrogradely from the axon to the cell body. tance causes symmetrical depolarizing and hyperpolarSpherical bushy cells carry timing information to the izing current pulses to evoke asymmetrical voltage medial superior olivary nuclei (MSO), which compare changes and prevents repetitive firing. It causes voltage the time of arrival of sounds at the two ears. Axons of changes by current pulses to be smaller and more rapid spherical bushy cells innervate the MSO both ipsilaterin the depolarizing than in the hyperpolarizing voltage ally and contralaterally through dense clusters of bourange (Figures 3C and 3D ; reviewed by Oertel, 1991;  tons. While conduction times to all terminals on the Trussell, 1997). This K ϩ conductance allows synaptic ipsilateral MSO are roughly equal, conduction times are currents to produce rapid voltage changes. Responses systematically shorter to the anterior than to the posteto current pulses also reveal the presence of a conducrior of the contralateral MSO (Smith et al., 1993) . The tance that is activated by hyperpolarization, an inward position in the MSO where the contralateral and ipsilatrectifier that draws the membrane potential back toward eral inputs converge thus measures the relative timing rest and causes a slow sag in responses to hyperpolarof inputs to the two ears and signals the location of a ization. The interplay between the low-threshold K ϩ conductance and the inward rectifier contributes to setting sound source in the horizontal plane. P. H. Smith has (1996) have shown that in the avian homolog of the MSO, nucleus laminaris, the pattern is the Octopus cells spread their dendrites perpendicularly across the paths of auditory nerve fibers where the tonosame.
Globular bushy cells terminate in the medial nucleus topic array of fibers is closely bundled. In mice, they are contacted on the cell body and along the dendrites by of the trapezoid body (MNTB) with exceptionally large somatic calyceal endings. Cells of the MNTB receive small boutons from between 100 and 200 auditory nerve fibers, each of which makes only a small contribution input from a globular bushy cell through a single calyx of Held. As part of a circuit that is thought to encode to the total excitation. In requiring the summation of many inputs to provoke firing, octopus cells signal the interaural intensity, cells of the MNTB relay timing information from globular bushy cells to the lateral superior synchronous firing within the group of its auditory nerve inputs. Octopus cells respond sensitively to transient olive as inhibition.
MNTB cells also resemble bushy cells. Activation of and periodic sounds. They are ideally suited to encode the periodicity that determines voicing and pitch in the globular bushy cell axon with shocks evokes synaptic responses largely through AMPA receptors in MNTB speech and music. Octopus cells have been described in all mammalian species studied, including primates, cells (Banks and Smith, 1992; Borst et al., 1995) . The underlying conductance is large (30-160 nS), and rebut have not been found in nonmammalian species. Intracellular recordings from octopus cells in slices sponses are robust even when driven repetitively at high rates (Forsythe and Barnes-Davies, 1993) . A 4AP-sensifrom mice reveal that they are even more extreme than bushy cells in the brevity of synaptic responses, in their tive, low-threshold K ϩ conductance and a Cs ϩ -sensitive, inwardly rectifying, mixed cation conductance (Ih), which low input resistances, and in the rapidity of voltage changes (Golding et al., 1995) . EPSPs in responses to reverses at Ϫ43 mV, shape responses to synaptic current (Banks and Smith, 1992; Forsythe and Barnesshocks to the auditory nerve are between 1 and 2 ms in duration ( Figure 3A) . Repeated stimulation at the maxDavies, 1993).
The extraordinary size of the calyx that provides input imal firing rate of auditory nerve fibers produces consistent, well-timed responses ( Figure 3B ). The contribution to an electrically compact postsynaptic MNTB cell has been used by Forsythe, Sakmann, and their colleagues of individual auditory nerve inputs to intracellularly measured synaptic potentials is so small that the recruitment to study synaptic transmission in the mammalian central nervous system. While the currents in calyces are excepof individual fibers with increasing shock strength cannot be resolved as a jump in response amplitude. The tionally large, the biophysical properties of these calyceal terminals are not otherwise unusual (Borst et al.,
simultaneous activation of at least one-tenth of their auditory nerve fiber inputs is required to evoke action 1995). potentials in octopus cells. In suprathreshold responses, Neurosci., abstract) indicates that neurons in the VNLL respond to current pulses with the same pattern that the jitter in the timing of firing of individual fibers is small; the latency in the peaks of synaptic responses to shocks characterizes other neurons that encode timing. The population of neurons that receives these endings is has a standard deviation of only ‫02ف‬ s.
Octopus cells have input resistances too low and time particularly prominent in humans. Summary constants too short to be measured with sharp microelectrodes (Golding et al., 1995) . Figure 3C shows reNeurons that convey timing of acoustic information in the brain stem of vertebrates have a consistent pattern sponses to current pulses recorded from an octopus cell with a patch electrode in the whole-cell configuration. Its of anatomical and biophysical specializations. Large synaptic currents produce rapid voltage changes in neuinput resistance was Ͻ5 M⍀, and its time constant was Ͻ0.3 ms. At the beginning of the strong depolarizing rons with low input resistances in the physiological voltage range. In some cells, large synaptic currents are and at the end of the strong hyperpolarizing pulse, the cell fired single, small action potentials. Responses to activated through calyceal terminals, while in others, large synaptic currents are activated by the synchrosymmetrical depolarizing and hyperpolarizing current pulses are asymmetrical, revealing the presence of voltnous firing of many inputs through small terminals. Neurotransmitter acts mainly through glutamatergic recepage-sensitive conductances ( Figures 3C and 3D) . In these cells, too, the actions of 4AP, tetraethyl ammotors of the AMPA subtype, whose kinetics are more rapid than in nonauditory neurons. nium (TEA), and intracellular Cs ϩ indicate that K ϩ conductances play a role in lowering the input resistance Two interacting voltage-sensitive conductances are of critical functional importance in these cells. Both are in the depolarizing voltage range and in preventing repetitive firing. Inward rectifiers are also prominent in activated by small voltage changes away from rest. A mixed cation conductance, I h , is activated by hyperpooctopus cells because their block with extracellular Cs ϩ increases the input resistance of octopus cells ‫-02ف‬ larization. A low-threshold K ϩ conductance is activated by depolarization. These conductances make synaptic fold. In the cell bodies of octopus cells, where recordings are generally made, action potentials of 5-15 mV ride potentials rapid, make firing sensitive to the rate of rise of synaptic excitation, and prevent repetitive firing. on synaptic potentials that can rise 40 or 50 mV from rest, indicating that action potentials arise at a distance Timing information is essential for localizing sound sources and for interpreting the temporal patterns of and are attenuated as they spread retrogradely from the axon to the soma. natural sounds. How timing information is fed through these pathways has already provided insight into how How can it be that octopus cells monitor synchronous activity in populations of auditory nerve fibers when the sounds are localized by vertebrates, but much less is known about how these pathways contribute to the inactivation of auditory nerve fibers is, by nature, asynchronous? Sounds such as clicks initiate a traveling terpretation of environmental sounds, including speech. Therein lies the exciting future of this work. wave, which activates the basilar membrane near the stapes footplate where high frequency sounds are transSelected Reading duced before it activates the basilar membrane at the apex of the cochlea where low frequency sounds are Adams, J.C. (1997). Auditory Neurosci. 3, 335-350. transduced. Traveling wave delays from one end of the Banks, M.I., and Smith, P.H. (1992) . J. Neurosci. 12, 2819 Neurosci. 12, -2837 cochlea to the other vary from species to species, being Banks, M.I., Pearce, R.A., and Smith, P.H. (1993) . J. Neurophysiol. between 6 and 8 ms in cats, guinea pigs, chinchillas, 70, 1420-1432. and squirrel monkeys and closer to 1 ms in animals like Borst, J.G., Helmchen, F., and Sakmann, B. (1995) . J. Physiol. 489, mice and bats with smaller cochleas and higher hearing 825-840. ranges (reviewed by Ruggero, 1992) . Thus, the action ble that octopus cells compensate for the traveling wave Isaacson, J.S., and Walmsley, B. (1995) . Neuron 15, [875] [876] [877] [878] [879] [880] [881] [882] [883] [884] delay. As the name indicates, the dendrites of octopus Oertel, D. (1991) . Curr. Opin. Neurobiol. 1, [221] [222] [223] [224] [225] [226] [227] [228] cells extend in one direction from the cell body. The cell Otis, T.S., Wu, Y.C., and Trussell, L.O. (1996) . J. Neurosci. 16, 1634- bodies lie caudally in the vicinity of auditory nerve fibers 1644. that signal low frequencies, and the dendrites extend Reyes, A.D., Rubel, E.W., and Spain, W.J. (1996) . J. Neurosci. 16, toward those that encode higher frequencies. Distor- 993-1007. tions in synaptic responses that result from dendritic Ruggero, M.A. (1992) . In The Mammalian Auditory Pathway: Neurofiltering thus delay the peak of excitation from high fre- Octopus cells terminate in the ventral nucleus of the Trussell, L. O. (1997) . Curr. Op. Neurobiol. 7, [487] [488] [489] [490] [491] [492] lateral lemniscus (VNLL) with calyceal endings. As with Zhang, S., Trussell, L. O. (1994) . J. Physiol. 480, [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] other neurons with calyceal endings, the firing of the terminal can be detected in extracellular recordings as "prepotentials" to the activity in VNLL cells (Adams, 1997). A preliminary report by S. H. Wu (1996, Soc.
